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Abstract
Thermoelectric power (TEP) measurements of Pr2/3Ba1/3MnO3 + Ag2O composite manganites
are reported here. A phase transition from metallic to insulating behaviour is observed for all the
synthesized samples. No change in the TEP behaviour of the pristine sample Pr2/3Ba1/3MnO3 is
observed with Ag2O addition. The phase transition temperature (TS ∼ 196 K) also does not
change with Ag2O which indicates the presence of Ag at the grain boundaries. In the insulating
region TEP is large and negative, while in the metallic region it is positive with small values.
The observed crossover from hole- to electron-like transport is attributed to the excitation of the
valence band electrons to the conduction band with increasing temperature. The metallic region
is found to be governed by the electron–magnon scattering process whereas a non-adiabatic
small polaron hopping model is found applicable in the insulating regime.
1. Introduction
The discovery of the colossal magnetoresistance (CMR)
effect in perovskite manganites during the last decade has
gained much attention because of the potential applications of
such materials for read heads of magnetic memory devices,
magnetic field sensors and infrared bolometers etc [1–7].
High room temperature MR at low magnetic field is one of
the stringent requirements of these devices. At the same
time, a low electrical resistivity is also needed due to the
circuit matching requirements. For this purpose composites
of these manganites materials with non-metallic and metallic
oxide phases have been reported [8–17]. Non-metallic oxide
composites, however, increase the electrical resistivity of the
pristine compound of the composites and shift the insulator–
metal (I–M) transition towards lower temperatures (although
with higher MR values) [8, 10, 11]. Lower resistivity values
are obtained by making the grain boundaries of the manganites
conducting. For this purpose conducting elements like Ag
or Pd are found to be good choices because of their high
electrical conductivity. More recently, we reported electrical
resistivity, magnetotransport and magnetization studies of
Pr2/3Ba1/3MnO3 (PBMO) + Ag2O wherein the MR of the
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pristine sample increases substantially with Ag also with an
increase in conductivity [18]. In the electrical resistivity
measurement of the pristine sample PBMO two insulator–
metal (I–M) transitions are observed (at TP1 ∼ 194 K
and TP2 ∼ 160 K). The higher temperature transition TP1
is ascribed to the competition between super-exchange and
double-exchange mechanisms whereas the low temperature
broad transition TP2 results from grain boundary effects
that in turn correspond to the large ionic size mismatch
between the ions present at the rare-earth site namely Pr+3
(1.18 A˚) and Ba+2 (1.47 A˚). With Ag2O addition, the
lower temperature transition is suppressed, whereas the high
temperature transition at TP1 remains invariant but becomes
sharper. On the other hand, in the magnetic measurements
only a single paramagnetic–ferromagnetic (PM–FM) transition
is observed at TC ∼ 194 K that matches with the I–
M transition temperature TP1 [18]. Further, to know the
appropriate mechanisms operating in different temperature
regimes one needs to carry out the thermal measurements
such as thermoelectric power, S(T ). Comparison of the
electrical and thermal properties might confirm the type of
carriers for the insulating/metallic behaviour of the manganites
and also how the conduction of these carriers is governed
i.e. through adiabatic or non-adiabatic process. We have
therefore carried out thermoelectric power measurements on
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Figure 1. ((a)–(d)) Thermoelectric power of the composite manganites. Solid lines show the fitting using equation (3) whereas insets show the
fitting above TS with equation (1). The values of the fitted parameters of equation (3) are also shown.
(This figure is in colour only in the electronic version)
PBMO + Ag2O composite manganites and explored various
mechanisms operating in different temperature regimes. It is
known that S(T ) measurement is sensitive to the nature of
charge carriers and also is less affected by some factors like
the presence of the grain boundaries, which often complicate
the electrical resistivity measurements for the polycrystalline
samples. Therefore, S(T ) should reflect the intrinsic properties
of the samples. Hence, the transport mechanism should turn
out to be more appropriate by the fitting of the S(T ) curve than
by the electrical resistivity measurements.
2. Experimental details
Polycrystalline composites (1 − x) Pr2/3Ba1/3MnO3 + xAg2O
(where x = 0, 10, 20, 30 mol%) were synthesized using
the conventional solid-state reaction method. The detailed
synthesis procedure has already been explained elsewhere [18].
It is worth mentioning here that due to a low dissociation
temperature (350 ◦C) of Ag2O, it gets converted into metallic
Ag during the synthesis process. Thermoelectric power (TEP)
measurements were carried out by DC differential techniques
over a temperature range of 5–300 K, with a temperature
gradient of ∼1 K maintained throughout.
3. Results and discussion
Figures 1(a)–(d) depict the temperature dependence of
thermoelectric power for the various (1−x) Pr2/3Ba1/3MnO3+
xAg2O composites. The nature of the curves is identical for
all the samples (because of the absence of the masked grain
boundary effects). Large negative S at high temperatures
(|S| is larger than 20 μV K−1) and small positive S at low
temperatures are reminiscent of the insulating and metallic
characters respectively. With decreasing temperature the
magnitude of S decreases slowly up to a temperature TS ∼
196 K. Below TS, S drops sharply signifying the occurrence of
a phase transition from the high temperature insulating to low
temperature metallic state. It is noted that TS is very close to the
insulator–metal transition temperature (TP1 ∼ 194 K) of the
electrical resistivity [18]. A crossover (indicated by a vertical
downward arrow) from electron- to hole-like conduction is
also noticed near 135 K (T ∗) which can be attributed to the
enhanced spin polarization with a decrease in temperature. S
being very sensitive to the changes in the electronic structure,
such a sign reversal in addition to the nature of charge carriers,
indicates that there may be a substantial change in the band
structure. Asamitsu et al [19] have shown a systematic
variation of thermoelectric power with temperature in terms
of change of the electronic structure with band filling and
spin polarization in manganites. The above phenomenology
is based on the vanishing of the exchange interaction, which
arises due to the excitation of the electrons from the valence
band (VB) t2g to the conduction band (CB) eg. The mobility
of the electrons in the conduction band is high, leading to
a negative thermoelectric power. The degeneracy of the eg
band seems to be gradually lifted as the temperature is lowered
below T ∗ and the thermoelectric power changes its sign from
negative to positive with the increase of spin polarization. With
lowering of temperature below T ∗, a broad hump in S(T ) is
also observed.
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We now turn to explore various mechanisms governing
the thermoelectric power at different temperatures. It is
worthwhile mentioning that the effect of Jahn–Teller distortion
in manganites results in strong electron–phonon coupling and
hence the formation of polarons [20]. Therefore, charge
carriers in the insulating region above TS are not itinerant
and transport properties are governed by thermally activated
carriers (polarons). We, therefore, fitted the S(T ) data above
TS (insets of figures 1(a)–(d)) with the Mott’s polaron hopping
relation [20]:
S(T ) = kB
e
[
ES
kBT
+ α
]
(1)
where kB is the Boltzmann constant, e is the electronic charge,
ES is the activation energy required to activate the hopping of
carriers and the constant α is related to the kinetic energy of
the polarons [21]. α < 1 suggests the conduction is due to
small polarons hopping (SPH) whereas α > 2 corresponds to
the case of large polaron hopping (LPH) [20]. The value of
ES being very small (2.1 meV for pristine) and α less than
1 (α varies from −0.332 for PBMO to −0.329 for 30 mol%
Ag2O sample) confirm the carrier conduction through the
hopping of small polarons in the insulating region.
Electrical resistivity, according to the polaron hopping
model varies as ρ = ρ0T n exp( EρkBT ) [22], where ρ0 =
[kB/νph Ne2 R2C(1 − C)] exp(2αR), n is 1 for adiabatic and
1.5 for non-adiabatic processes, N is the number of ion sites
per unit volume (obtained from density data), R is the average
intersite spacing given by R = (1/N)3, C is the fraction of
sites occupied by a polaron, α is the electron wavefunction
decay constant, νph is the optical phonon frequency (estimated
from the relation hνph = kBθD, θD is the Debye temperature)
and Eρ is the sum of the activation energy required for the
creation of carriers and activating the hopping of the carriers.
In the adiabatic case, the hopping sites are near enough for the
charge carrier to tunnel back and forth several times from one
site to the other during one excited state of the system. On the
other hand, in the non-adiabatic case, although the motion of
the polaron in its well is adiabatic, the chance of the carrier
tunnelling between adjacent sites during an excited state is
small. We estimated Eρ for each sample from the ln (ρ/T 1.5)
versus 1/T plot. It varies from 152.06 meV for the PBMO
sample to 134.25 meV for the 30 mol% Ag2O added sample.
Here Eρ > ES indicates the applicability of the small polaron
hopping model (their difference WH is the polaron hopping
energy). We further confirm the non-adiabatic conduction
of small polarons by using the Holstein relation [23], which
states that polaron bandwidth J (T ) should fulfil the criteria
J (T ) < H , where H = (2kBT WH/π)1/4(hνph/π)1/2 and
evaluation of J (T ) can be made from the relation
J (T ) ≈ 0.67hνph(T/θD)1/4. (2)
For these composites H varies from 22.87 to 22.25 meV
(calculated at an arbitrary temperature 250 K) and J (250 K) ∼
21.27 meV (θD and νph are 420 K and 8.78 × 1012 Hz,
respectively, in the present case). Since J (T ) < H , we
can conclude that small polaron hopping conduction is a non-
adiabatic process.
In the metallic region charge carriers from the Jahn–
Teller polarons get delocalized and this may cause a significant
amount of carrier–magnon scattering. To verify the above
argument we attempted to fit the measured S(T ) data in the
metallic region using the following relation [24, 25]:
S(T ) = S0 + S3/2T 3/2 + S4T 4, (3)
where S0 (value of S at T = 0 K) is inserted to account
for the problem of truncating the low temperature data and a
T 3/2 dependence is attributed to electron–magnon scattering
process. The origin of the term S4T 4, dominant in the high
temperature region is still not clear but it has been conjectured
to arise from the spin wave fluctuations in the ferromagnetic
metallic (FMM) phase [24]. The quality of the fitting is given
by the square of the linear correlation coefficient (R2) and is
nearly 99.9% for thermoelectric power data fitting. The solid
lines show the fitting in figure 1 and the fitting parameters are in
good accord with the reported data [24, 25]. It is clear that S3/2
is nearly five orders of magnitude larger than S4, implying the
dominance of second term of equation (3). This confirms that
the electron–magnon scattering process governs the metallic
region of TEP below TS.
4. Conclusions
Thermoelectric power measurements carried out on Pr2/3Ba1/3
MnO3 + Ag2O composite manganites exhibit no change in
the behaviour from the pristine sample. As with the electrical
resistivity, a transition from high temperature insulating to low
temperature metallic behaviour has been observed for all the
samples. The transition temperature also does not change
with addition of Ag2O, which indicates the presence of Ag
at the grain boundaries. The observed crossover from hole-
to electron-like transport is attributed to the excitation of the
valence band electrons to the conduction band with increasing
temperature. The metallic region is found obey the electron–
magnon scattering process whereas the non-adiabatic small
polaron hopping model governs the insulating regime.
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